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Deficiency in ethanolamine plasmalogen leads to altered

cholesterol transport
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Abstract Plasmalogens are a major sub-class of ethanolamine
and choline phospholipids in which the sn-1 position has a
long chain fatty alcohol attached through a vinyl ether
bond. These phospholipids are proposed to play a role in
membrane fusion-mediated events. In this study, we investi-
gated the role of the ethanolamine plasmalogen plasmenyl-
ethanolamine (PIsEtn) in intracellular cholesterol transport in
Chinese hamster ovary cell mutants NRel4 and NZel-1, which
have single gene defects in PIsEtn biosynthesis. We found that
PlsEtn was essential for specific cholesterol transport path-
ways, those from the cell surface or endocytic compart-
ments to acyl-CoA/cholesterol acyltransferase in the endo-
plasmic reticulum. The movement of cholesterol from the
endoplasmic reticulum or endocytic compartments to the cell
surface was normal in PlsEtn-deficient cells. Also, vesicle
trafficking was normal in PlsEtn-deficient cells, as measured
by fluid phase endocytosis and exocytosis, as was the move-
ment of newly-synthesized proteins to the cell surface. The
mutant cholesterol transport phenotype was due to the lack
of PIsEtn, since it was corrected when NRel4 cells were
transfected with a cDNA encoding the missing enzyme or
supplied with a metabolic intermediate that enters the
PIsEtm biosynthetic pathway downstream of the defect.ii Fu-
ture work must determine the precise role that plasmalogens
have on cholesterol transport to the endoplasmic reticulum.—
Munn, N. J., E. Arnio, D. Liu, R. A. Zoeller, and L. Liscum.
Deficiency in ethanolamine plasmalogen leads to altered
cholesterol transport. J. Lipid Res. 2003. 44: 182-192.
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Plasmalogens are a major class of ethanolamine and cho-
line phospholipids in which the sn-1 position of the glycerol
backbone has a long chain fatty alcohol attached through a
vinyl ether bond (1). They constitute 18% of total phospho-
lipid mass in humans, with the highest amounts in heart, stri-
ated muscle, and nervous tissue (2). In the Chinese hamster
ovary (CHO) cell line, 11% of the total phospholipids are
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plasmalogens, primarily ethanolamine plasmalogen, called
plasmenylethanolamine (PlsEtn) (3). CHO cells do not con-
tain plasmenylcholine (4). The cellular distribution of plas-
malogens has not been thoroughly characterized, although
they are reportedly present in plasma membrane (5), synaptic
vesicles (6), and secretory granules (7). In erythrocytes, plas-
malogens are found to be oriented with the same asymmetric
distribution as their diacyl analogs (8).

For such an abundant phospholipid, plasmalogen func-
tions are quite obscure. Current in vitro models suggest
that PIsEtn plays a role in membrane fusion-mediated
events (9) and protects against reactive oxygen species
(10). In this study, we investigated the role of PIsEtn in
cholesterol metabolism, prompted by the finding that choles-
terol efflux to HDL is aberrant in plasmalogen-deficient RAW
mutant macrophages (11). The lack of plasmalogens did
not alter the rate of cellular cholesterol transfer to HDL,;
instead, it appeared to reduce the pool of cholesterol
available for efflux. Another study showed that levels of
PIsEtn are reduced in brain tissue from the Niemann-Pick
C (NPC) mouse model (12). NPC cells exhibit lysosomal
storage of cholesterol, gangliosides, and other lipids, as
well as aberrant cholesterol homeostatic responses (13). If
plasmalogens affect the cellular cholesterol distribution,
then reduced plasmalogen levels might exacerbate the
cholesterol transport defective phenotype of NPC and
contribute to disease progression.

Our model systems were CHO cell mutants NRel-4 and
NZel-1, which display greatly reduced levels of PIsEtn due
to defects in different steps of plasmalogen biosynthesis
(3, 14). NRel4 has a defect in dihydroxyacetonephos-
phate acyltransferase (DHAPAT) (3), the enzyme that cat-
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alyzes the first step in plasmalogen biosynthesis. NZel-1
has a defect in alkyl-dihydroxyacetone phosphate (DHAP)
synthase (14), which catalyzes the second step in plas-
malogen biosynthesis.

Our analysis revealed that PIsEtn is essential for specific
cholesterol transport pathways. In PIsEtn deficient cells, the
movement of cholesterol from endocytic compartments or
the plasma membrane to ACAT in the endoplasmic reticu-
lum (ER) was deficient. Cholesterol movement to the
plasma membrane appeared to be normal, as did vesicular
protein trafficking. Defective cholesterol transport pathways
were restored in NRel4 cells transfected with a cDNA encod-
ing the missing enzyme, DHAPAT, or supplied with an inter-
mediate that enters the PIsEtn biosynthetic pathway down-
stream of the metabolic defect. These data support a role for
PIsEtn in specific cholesterol transport pathways, those from
the cell surface to the cell interior.

EXPERIMENTAL PROCEDURES

Materials

[9,10-*H]oleic acid (5 Ci/mmol), [1-1*C]oleoyl-CoA (59 mCi/
mmol), [1,2*H]cholesterol (45 Ci/mmol), [1,2,6,7H]cholesteryl
linoleate (75 Ci/mmol), [1,2,6,7*H]cholesteryl oleate (78 Ci/mmol),
cholesteryl [1-1*Cloleate (57 mCi/mmol), ["*C(U)]sucrose (600
mCi/mmol), and EasyTag Express ®S Protein Labeling Mix (1175
Ci/mmol) were obtained from NEN Life Science Products. So-
dium %1 (103 mCi/ml) was from Amersham Biosciences. Tissue
culture reagents were from Life Technologies, Inc. or Sigma.
Lipids were obtained from Sigma or Steraloids. Mevinolin was a
generous gift of Merck Research Laboratory. Other chemicals
were from Sigma unless otherwise indicated. Compounds were
dissolved as follows: 25-hydroxycholesterol in ethanol, choles-
terol in ethanol, and amphotericin B in dimethyl sulfoxide.

Cultured cells, preparation of LDL, lipoprotein-deficient
serum, media, and buffers

LDL was prepared by ultracentrifugation (15). LDL labeled
with [3H]cholesteryl linoleate ([*H]CL-LDL) was prepared with
an average specific activity of 21,000 cpm/nmol of total choles-
teryl linoleate (16). LDL labeled with [SH]cholesteryl oleate
([®*H]CO-LDL) was prepared with an average specific activity of
38,000 dpm/nmol of total cholesteryl ester (16). '°I-LDL was
prepared by the iodine monochloride method (15). Lipopro-
tein-deficient serum (LPDS) was prepared as described, omitting
the thrombin incubation (15). The following media were pre-
pared: H-5% newborn calf serum (NCS) and H-10% NCS
(Ham’s F-12 medium containing 5% or 10% (v/v) newborn calf
serum, 2 mM glutamine, 100 U/ml penicillin, 100 wg/ml strep-
tomycin, and 20 mM HEPES, pH 7.1); H-5% LPDS and H-1%
LPDS [H-5% NCS in which 5% (v/v) newborn calf serum was re-
placed with 5 or 1% (v/v) lipoprotein-deficient calf serum, re-
spectively]; H-5% LPDS/mev (H-5% LPDS containing 20 pM
mevinolin and 0.5 mM mevalonate).

The following buffers were prepared: TBS (50 mM Tris-Cl and
155 mM NaCl, pH 7.4) and PBS (1.5 mM KHyHPO,, 2.7 mM
KCl, and 137 mM NaCl, pH 7.3).

All cells were grown as monolayers in a humidified incubator
(5% COy) at 37°C in H-5% NCS. The mutant cell lines, NRel4 (3)
and NZel-1 (14), were isolated as described previously. NRel-4 and
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NZel-1 cells display deficiencies in DHAPAT and alkyl-DHAP syn-
thase, respectively. Both show a 90% loss in PlsEtn levels compared
with wild-type cells. NRel4.15 is a clonal isolate, stably expressing
human DHAPAT c¢DNA (kindly provided by Wilhelm Just, Univ.
Heidelberg, and directionally inserted into the pBK-CMV expres-
sion vector; Stratagene) and containing wild-type plasmalogen levels.
NRel-4.CMV has been transfected with vector alone and is plasmalo-
gen-deficient (Zoeller et al., unpublished observations). CHO mu-
tant 2-2 was isolated by Dahl et al. (17) and has the NPC phenotype.
On day 0 of each experiment, monolayer stock flasks of CHO-K1
and mutant cells were trypsinized, and cells were seeded as indi-
cated in the individual experiment.

Incorporation of [3H]oleate into cholesteryl [3H]oleate

On day 0, cells were seeded into 6-well plates (20,000 cells/
well) in H-5% NCS. On day 2, cells were fed H-5% NCS. On day
3, cells were washed with Hank’s balanced salt solution (HBSS)
and fed H-5% LPDS. Experiments were conducted on day 4. Fol-
lowing additions of LDL or 25-hydroxycholesterol, monolayers
were pulsed with 100 uM [*H]oleate (prepared with a specific ac-
tivity of 8,700 cpm/nmol) bound to albumin (15). After 2 h of
[®*H]oleate incubation, cells were washed with TBS, lipids were
extracted with hexane-isopropanol (3:2, v/v), and cholesterol
[®*H]oleate was isolated and quantified (18). After lipid extrac-
tion, the monolayers were dissolved in 0.1 N NaOH and aliquots
removed for protein determination (19) using BSA as a stan-
dard. Cholesterol esterification is defined as nmol [?H]oleate in-
corporated into cholesteryl [*H]oleate/h/mg protein.

ACAT assay in cell-free extracts

On day 0, cells were seeded in 100-mm dishes (300-500,000
cells/dish) in H-5% NCS. Cells were cultured until 80% confluent,
with media changes every 2 days. On the day of assay, cells were
refed 10 ml/dish H-5% NCS. After 2 h, cells were washed with PBS,
subjected to hypotonic shock, and scraped as described (20). Ali-
quots of 150 pl with ~200-250 g cell protein were used per assay
reaction. The reaction was initiated by the addition of 20 wl of
[14C]oleoyl-C0A (15 nmol; 30,000 dpm/nmol) containing 300 pg
of BSA in 125 mM Tris-HCL, pH 7.8. Assays were carried out at 37°C
for 3-15 min. Lipids were extracted and analyzed by TLC on silica
gel 60 plates as described (21).

LDL receptor activity, and the esterification of
LDL-derived [3H]cholesterol

On day 0, cells were seeded into 6-well plates (25,000 cells/well)
in H-5% NCS. On day 2, cells were fed H-5% NCS. On day 3, cells
were washed in HBSS and fed H-5% LPDS. On day 4, cells were in-
cubated for 6 h with either 'I-LDL or [*H]CL-LDL. The uptake
and proteolytic degradation of '*’I-LDL was measured by incubat-
ing cells with 20 wg/ml '%I-LDL in the absence and presence of 500
wg/ml of unlabeled LDL. After 6 h, the release of *’I-monoiodoty-
rosine was quantified as described (15). Specific degradation
was calculated by subtracting the value obtained in the presence of
unlabeled LDL from that obtained in its absence. The uptake and ly-
sosomal hydrolysis of [3H]CL-LDL was measured by quantifying cell-
associated [3H]cholesteryl linoleate and [*H]cholesterol as de-
scribed previously (22). The amount of LDL-derived [3H]cholesterol
that was re-esterified by ACAT to form cholesteryl [®H]oleate was
also quantified as described previously (22).

Filipin fluorescence microscopy

On day 0, cells were seeded in 4-well Falcon 4104 chamber
slides (1,500 cells/well) in H-5% NCS. On day 2, cells were refed.
On day 3, cells were washed with PBS and processed for filipin
fluorescence microscopy as described (23).
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Cholesterol oxidase treatment

On day 0, cells were seeded into 6-well plates (25,000 cells/well)
in H-5% NCS. On day 2, cells were washed in HBSS and fed
H-5% LPDS. On day 3, cells were incubated in H-5% LPDS con-
taining 20 wg/ml [*H]CL-LDL. After 2 h, cells were treated with
cholesterol oxidase, and the conversion of [*H]cholesterol to
[®*H]cholestenone was quantified as described (24).

Amphotericin B killing

On day 0, cells were seeded in 96-well plates (15,000 cells/
well) in H-5% NCS. On day 1, cells were fed H-5% LPDS. On day
2, cells were fed H-5% LPDS/mev. After 8 h, cells were fed H-5%
LPDS/mev with indicated additions of LDL. On day 3, cells were
incubated 5 h in H-1% LPDS with or without 100 pwg/ml ampho-
tericin B. After 5 h, cells were washed with HBSS. Cell viability
was assessed using a colorimetric 3-(4,5-dimethyl thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay as described (22).
Cell survival is defined as the mean MTT cleaved (Ajg)) per well
from three wells treated with amphotericin B expressed as a per-
centage of the mean MTT cleaved (Asg)) per well from three
wells not treated with amphotericin B.

Basal esterification of plasma membrane cholesterol

On day 0, cells were seeded into 6-well plates (20,000 cells/well)
in H-5% NCS. On day 2, cells were washed with HBSS and fed H-5%
LPDS. Additions of 1.3 wCi/ml [*H]cholesterol in ethanol were
made at staggered times. On day 4, cells were washed with TBS. Lip-
ids were extracted, separated, and quantified as described (22).

Movement of newly-synthesized cholesterol to the
plasma membrane

Method 1. On day 0, cells were seeded in 6-well plates (25,000
cells/well) in H-5% NCS. On day 1, cells were washed with HBSS
and fed H-5% LPDS. On day 3, cells were fed H-5% LPDS + 2%
2-hydroxypropyl-B-cyclodextrin. Additions of 60 pCi/ml [*H]ac-
etate were made at staggered times. At time of harvest, the media
were removed and centrifuged. The supernatant was extracted
with petroleum ether, and the upper phase containing the
[®*H]cholesterol was removed and evaporated to dryness. Cell
monolayers were washed once quickly, 2 X 7 min with TBS-BSA,
and twice quickly with TBS. Cellular lipids were extracted using
hexane-isopropyl alcohol (3:2, v/v). Monolayers were dissolved
in 0.1 N NaOH, and aliquots were taken for protein determina-
tion. [*H]cholesterol was isolated by TLC using heptane-ethyl
ether (90:60, v/v). The endogenously labeled [®*H]sterols co-
chromatograph with authentic cholesterol; however, they can be
resolved by HPLC into [*H]cholesterol (70%) and [*H]desmos-
terol (30%). They are referred to as [*H]cholesterol.

Method 2. On day 0, cells were seeded in 6-well plates (25,000
cells/well) in H-5% NCS. On day 1, cells were washed with HBSS
and fed H-5% LPDS. On day 3, cells were fed H-5% LPDS and
additions of 60 pCi/ml [*H]acetate were made at staggered
times. At time of harvest, cells were treated with cholesterol oxidase,
and the conversion of [3*H]cholesterol to [*H]cholestenone was
quantified as described (24).

Cholesterol content

On day 0, cells were seeded into 100-mm dishes (100,000
cells/dish) in H-5% NCS. On day 2, cells were washed with HBSS
and fed H-5% NCS or H-5% LPDS. On day 4, cells were washed
with TBS. Lipids were extracted and quantified as previously de-
scribed (23), except that each sample consisted of one 100-mm
dish. Gas chromatography was conducted isothermally using a
DB-17 capillary column (15 m X 0.53 mm, Alltech) at 245°C.
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Secretion of newly-synthesized proteins to the medium

Method 1. On day 0, cells were seeded in 6-well plates (50,000
cells/well) in H-5% NCS. On day 1, cells were refed 1 ml of Dul-
becco’s Modified Eagle Medium (no methionine, no cysteine) con-
taining 10 mM ammonium chloride and 50 wCi EasyTag Express
%8. At staggered times, the media were removed and centrifuged,
and subjected to TCA precipitation. The pellets were dissolved in
0.5 N NaOH and subjected to liquid scintillation counting.

Method 2. On day 0, cells were seeded in 24-well plates (12,000
cells/well) in H-5% NCS. On day 1, cells were refed H-10% NCS with
and without 20 M 1-monopalmityl glyceryl ether (Doosan Serdary
Research Laboratories). This compound is readily taken into cells,
entering the pathway downstream of DHAPAT and alkyl-DHAP syn-
thase. Incubation with this substrate over a period of 2-3 days re-
stores PIsEtn levels to normal in NRel4 cells (3). On day 4, cells were
refed 200 wl of Dulbecco’s Modified Eagle Medium (no methionine,
no cysteine) after which staggered additions of EasyTag Express %S
were made (50 pCi/well). At time of harvest, the media were re-
moved and centrifuged. Aliquots were subjected to 12% SDS-PAGE,
after which gels were fixed, impregnated with Autofluor (National
Diagnostics), and exposed to film. Densitometric analysis was per-
formed using an Alphalmager 2200.

Fluid-phase endocytosis and clearance of [!*C]sucrose

To measure endocytosis, on day 0, cells were seeded into
6-well dishes (50,000 cells/dish) in H-5% NCS. On day 1, cells
were refed H-10% NCS with and without 20 uM 1-monopalmityl
glyceryl ether. On day 4, [4C]sucrose (260 wCi) was dried under
nitrogen at 37°C and dissolved in 260 wl water. Cells were refed 1
ml of H-5% NCS after which staggered additions of 10 nCi
['*C]sucrose were made. At time of harvest, cells were washed
with TBS containing 2 mg/ml BSA (once quickly, then six times,
3 min each), then with TBS (once quickly, then 5 min). Cells
were solubilized with 1 ml 1% SDS for 30 min. Aliquots of the
cell extract were subjected to liquid scintillation counting in 10
ml of ReadySafe and protein determination (19).

To measure clearance of endocytosed [*C]sucrose, on day 0,
cells were seeded in 6-well plates (25,000 cells/well) in H-5%
NCS. On day 2, cells were refed H-5% NCS. [*C]sucrose was
dried under nitrogen at 37°C, dissolved in water, added to H-5%
NCS, and stored at 4°C overnight. On day 3, cells were refed 0.5
ml H-5% NCS containing 70-200 pCi ['“C]sucrose. After 3 h,
cells were washed six times with H-5% NCS and refed 1 ml H-5%
NCS. At the indicated time, the media were removed and sub-
jected to centrifugation (15,000 g, 5 min). Cells were washed
with TBS containing 2 mg/ml BSA (once quickly, then 5 min),
then with TBS (once quickly, then 5 min). Cells were solubilized
with 1 ml 1% SDS for 30 min. Aliquots of media and cell extract
were subjected to liquid scintillation counting in 10 ml of
ReadySafe.

RESULTS

Plasmalogen biosynthesis

Plasmalogen synthesis begins in peroxisomes, where DHA-
PAT catalyzes the formation of acyl-DHAP (25) (Fig. 1).
Alkyl-DHAP synthase catalyzes the second step in the path-
way, forming the ether bond to produce alkyl- DHAP. Plas-
malogen synthesis then continues in the ER. NRel-4 and
NZel-1 cells are independently isolated CHO cell mutants
defective in DHAPAT and alkyl-DHAP synthase, respec-
tively (3, 14). Unlike other plasmalogen-deficient mutants
(26, 27), NRel-4 and NZel-1 have single enzyme defects
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DHAP Acyl-DHAP Alkyl-DHAP Plasmenylethanolamine
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NRel-4 Nzel-1
Fig. 1. Initial steps of plasmalogen biosynthesis. The first two steps

of plasmalogen biosynthesis occur in peroxisomes. These two steps
are shown, and the enzymes that are defective in the mutants used in
this study, dihydroxyacetonephosphate acyltransferase (DHAPAT)
and alkyl-dihydroxyacetone phosphate (DHAP) synthase, are indi-
cated. The structure of plasmenylethanolamine is also included.

and intact functional peroxisomes (3, 14). These cells
make excellent model systems in which to study the rela-
tionship between plasmalogen and cholesterol metabo-
lism. We were interested in investigating this relationship
because of the apparent effect of plasmalogens on the
pool of cellular cholesterol available for efflux to HDL
(11). If plasmalogens play a role in membrane fission and
fusion (9), a PIsEtn deficiency may alter cholesterol trans-
port pathways throughout the cell.

Stimulation of cholesterol esterification by LDL
and 25-hydroxycholesterol

ACAT is a resident ER enzyme (28) that catalyzes cho-
lesterol esterification. ACAT activity is low when the ER
cholesterol content is low and the enzyme is allosterically
activated by cholesterol (29). The ability of LDL to stimu-
late ACAT activity depends on LDL receptor activity, hy-
drolysis of LDL’s cholesteryl esters, and transport of LDL-
derived cholesterol from lysosomes to the ER.

Figure 2 shows LDL (A) and 25-hydroxycholesterol (B)
stimulation of cholesterol esterification in parental CHO,
mutant NRel-4, and NZel-1 cells. Parental CHO cells incu-
bated in the absence of LDL showed low rates of incorpo-
ration of [*H]oleate into cholesteryl [*HJoleate (1.2
nmol/h/mg). When LDL was added, cholesterol esterifi-
cation was stimulated in a concentration-dependent man-
ner such that 50 pg/ml LDL increased cholesterol esteri-
fication 6-fold. Mutant NRel4 and NZel-1 cells also
exhibited low rates of cholesterol esterification in the ab-
sence of LDL (1.1 and 0.9 nmol/h/mg, respectively);
however, LDL stimulated cholesterol esterification only
3-fold and 2-fold, respectively. 25-Hydroxycholesterol stim-
ulated cholesterol esterification equivalently in all cell
lines, suggesting that ACAT is not defective in the mutant
lines. Furthermore, in vitro ACAT activity was equivalent

Munn et al.

(nmol/h/mg)

[BH]Oleate ———»
Cholesteryl [H]Oleate
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LDL (ug/ml) 25-Hydroxycholesterol (ug/ml)

Fig. 2. Stimulation of cholesterol esterification by LDL (A) and by
25-hydroxycholesterol (B). Parental Chinese hamster ovary (CHO)
(square), mutant NRel-4 (triangle), and mutant NZel-1 (circle) cells
were grown as described in Experimental Procedures. On day 4, each
monolayer received 1 ml of H-5% lipoprotein-deficient serum
(LPDS) containing the indicated concentration of LDL or 25-hydroxy-
cholesterol. After 5 h of incubation, cells were pulse labeled with 100
M [3H]oleate for 2 h. The cellular content of cholesterol [3H]oleate
was determined as described in Experimental Procedures. Data repre-
sent the mean * SD of triplicate cultures.

in CHO and NRel4 cells at 7.97 = 2.18 and 7.14 * 0.8
pmol cholesteryl [1*C]oleate formed/min/mg protein,
respectively (n = 3 experiments).

Is the blunted response to LDL due to a lack of PIsEtn?
Figure 3 shows LDL stimulation of cholesterol esterifica-
tion in parental CHO cells and mutant NRel-4 cells that
have been transfected with the control plasmid pBK-CMV
(NRel-4/vector) or with the pBK-CMV plasmid containing
the DHAPAT c¢DNA (NRel-4/DHAPAT). In parental CHO
cells, LDL stimulated cholesterol esterification in a con-
centration-dependent manner, whereas LDL stimulation
of cholesterol esterification was blunted in NRel-4 cells
transfected with the control vector. However, in pDHA-
PAT-transfected NRel-4 cells, LDL-stimulated cholesterol
esterification at wild-type levels. Thus, expression of
pDHAPAT in NRel4 cells corrected the aberrant LDL
stimulation of cholesterol esterification.

CHO

NReld/ X

DHAPAT

(nmol/h/mg)
n

[3H]Oleate ———>
Cholesteryl [2H]Oleate

1 e
NRel4/vector
0+ - -
0 15 30 50
LDL (ug/ml)

Fig. 3. LDL stimulation of cholesterol esterification in mutant
cells transfected with the DHAPAT c¢DNA. Parental CHO (square),
NRel-4 mock-transfected (triangle), and NRel-4 DHAPAT cDNA-
transfected (circle) cells were grown as described in Experimental
Procedures. On day 4, each monolayer received 1 ml of H-5%
LPDS containing the indicated concentration of LDL. After 5 h of
incubation, cells were pulse labeled with [*H]oleate for 2 h. The
cellular content of cholesterol [*H]oleate was determined as de-
scribed in Experimental Procedures. Data represent the mean =
SD of triplicate cultures.
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TABLE 1. LDL receptor activity

LDL Receptor Ligand

I5LLDL Degradation [*H]CL-LDL Hydrolysis

ng/mg protein %
Cell line
CHO 1137 = 113 82+6
NRel-4 1180 * 423 82+ 6

Cells were grown and analyzed as described in Experimental Pro-
cedures. Monolayers were incubated with either '*I-LDL or [*H]CL-LDL
for 6 h. The amount of 'I-LDL internalized and degraded was deter-
mined and is expressed as ng/mg cell protein. Data represent the
mean * SD of three experiments. The cellular content of [*H]choles-
terol (C), [*H]cholesteryl linoleate (CL), and [*H]cholesteryl oleate
(CO) was analyzed. Hydrolysis of LDL-derived [®H]CL is calculated as
([*HIC+[*H]CO)/([*H]CL+[*H]C+[*H]CO) and is expressed as a
percentage. Data represent the mean = SD of four experiments.

LDL receptor activity and lysosomal storage
of LDL-cholesterol

Defective LDL stimulation of cholesterol esterification
could be explained by reduced LDL receptor activity or
reduced hydrolysis of LDL-derived cholesteryl esters in ly-
sosomes. We measured LDL receptor activity using '?°I-
LDL as a LDL receptor ligand. CHO and NRel-4 cells
were incubated for 6 h with 20 pg/ml '»I-LLDL and the
amount of 2’I-LDL internalized and degraded was deter-
mined. Table 1 shows that CHO and NRel-4 cells internal-
ized and degraded similar amounts of ?I-LDL. We next
measured LDL-cholesteryl ester hydrolysis using [*H]cho-
lesteryl linoleate-labeled LDL as a receptor ligand. CHO
and NRel-4 cells were incubated for 6 h in [2H]CL-LDL
after which cell-associated [3H]cholesteryl esters and
[®H]cholesterol were quantified. Table 1 shows that the
percentage of LDL cholesteryl esters hydrolyzed was the
same in both cell types. This result indicates that defective
LDL stimulation of cholesterol esterification in the mu-
tant line is not a result of the mutant’s inability to obtain
free cholesterol from LDL.

Defective LDL stimulation of cholesterol esterification
could also be explained by aberrant lysosomal sequestra-

tion of LDL-derived cholesterol, as is seen in NPC fibro-
blasts (30). Possible lysosomal storage of LDL-cholesterol
(LDL-C) was assessed by culturing CHO and NRel-4 cells
in LDL-containing medium, then examining filipin-stained
cells by fluorescence microscopy. Filipin is a fluorescent
polyene antibiotic that binds specifically to cholesterol and
is used to detect cellular cholesterol pools. Wild-type CHO
cells exhibited filipin staining at the plasma membrane
and in a punctate distribution, most likely representing
endosomes and lysosomes (Fig. 4). NRel-4 cells were indis-
tinguishable from control cells, whereas CHO mutant 2-2
with the NPC phenotype (17) showed the characteristic ly-
sosomal storage of free cholesterol.

These results indicated that reduced LDL-stimulation
of cholesterol esterification was not due to lysosomal se-
questration of LDL-C, but must result from defective post-
lysosomal cholesterol transport to the ER. Thus, we next
examined pathways of cholesterol transport in the plas-
malogen-deficient mutant NRel-4.

Movement of LDL-derived cholesterol from lysosomes to
the plasma membrane

The bulk of LDL-C that exits lysosomes is transported to
the plasma membrane (31). This pathway was assessed using
two approaches. First, the movement of LDL-derived
[3H]cholesterol to a cholesterol oxidase-sensitive pool was
measured. Cells were incubated for 4 h with [?H]CO-LDL,
then treated with cholesterol oxidase using conditions under
which only plasma membrane cholesterol is oxidized (22,
32). LDL-derived [®H]cholesterol that has been transported
to the plasma membrane will be oxidized to [®H]choleste-
none. Table 2 shows that similar amounts of LDL-C were ac-
cessible to cholesterol oxidase in CHO and NRel4 cells. In
contrast, the NPCl-deficient mutant 2-2 showed significantly
less [?H]cholestenone formation, consistent with [3H]choles-
terol sequestration in lysosomes.

The second approach used to measure cholesterol
transport along this pathway was to examine LDL-depen-
dent amphotericin B killing of parental and mutant cells.
Amphotericin B is a polyene antibiotic that forms aqueous

CHO NRel 2-2

Fig. 4. Localization of cellular cholesterol. Parental CHO cells, plasmenyethanolamine (PlsEtn)-deficient
NRel-4 cells, and Niemann-Pick disease type G (NPC) 1-defective 2-2 cells were grown as described in Experi-
mental Procedures. Cells were stained with filipin and examined by fluorescence microscopy.
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TABLE 2. Quantification of the cholesterol-oxidase sensitive
pool of cholesterol

[3H]cholestenone

Experiment 1 Experiment 2

%
Cell line
CHO 45.3 £ 6.5 48.7 £ 9.0
NRel-4 42054 423+ 11.4
2-2 271 +79 29.0 = 4.2

Cells were grown as described in Experimental Procedures. Mono-
layers were incubated in H-5% LPDS containing 20 pg/ml [*H]CO-LDL.
After 4 h, cells were cholesterol oxidase-treated, and the conversion of
[*H]cholesterol to [*H]cholestenone was quantified as described in
Experimental Procedures. Data are expressed as the percentage of
LDL-derived [*H]cholesterol that has been oxidized to [?H]cholestenone
and are the average * SD of three wells.

pores in cholesterol-rich membranes (33-35). Cells grown
in conditions under which the plasma membrane is rich
in synthesized or LDL-derived cholesterol are killed by
amphotericin B. Figure 5 illustrates LDL-dependent am-
photericin B killing of CHO and NRel-4 cells. In this ex-
periment, cells were incubated in media containing vari-
ous concentrations of LDL for 16 h and treated with
amphotericin B for 5 h. Cell survival was assessed using a
colorimetric MTT assay. When cells were grown in H-5%
NCS or H-5% LPDS, cell survival was low in both cell lines
due to the arrival of endogenously synthesized cholesterol
in the plasma membrane (data not shown). Cells cultured
in H-5% LPDS/mev survived amphotericin B treatment
because endogenous cholesterol synthesis was blocked by
mevinolin. The addition of LDL caused concentration-
dependent killing that was equivalent in both cell lines.
This result further supports the idea that transport of cho-
lesterol from lysosomes to the plasma membrane is normal
in NRel4 cells.

3 8
c
[e]
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m 60
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200
=35
Mo 40 CHO
[0)
€
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2 20
©
2 NRel4
~ o0
0 10 20 30 40
LDL (ug/ml)

Fig. 5. LDL-dependent amphotericin B killing of normal and
mutant cells. Parental CHO cells (square) and mutant NRel-4 cells (tri-
angle) were grown as described in Experimental Procedures. Mono-
layers were incubated in H-5% LPDS/mev with the indicated concen-
tration of LDL. After 16 h, monolayers were treated with amphotericin
B, and cell viability was determined using a colorimetric 3-(4,5-dimethyl
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as
described in Experimental Procedures. The data are expressed as the
percentage of cells that survive amphotericin B treatment.
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Fig. 6. Esterification of LDL-derived [*H]cholesterol. Parental
CHO (circle) and mutant NRel-4 (square) cells were grown as de-
scribed in Experimental Procedures. Monolayers were incubated in
H-5% LPDS/mev containing the indicated amount of LDL that is
labeled with [*H]cholesteryl linoleate ([*H]CL-LDL) for 6 h. The
amount of LDL-derived [3H]cholesterol (A) and [3H]cholesteryl
oleate (B) was analyzed as described in Experimental Procedures.
The data represent the mean * SD of triplicate cultures.

Movement of LDL-derived cholesterol from
lysosomes to ER

Approximately 30% of LDL-C that exits lysosomes is trans-
ported to ACAT in the ER by a pathway that is independent
of the plasma membrane (22, 31). We investigated whether
this pathway is normal in NRel4 cells. Cells were incubated
for 6 h with different amounts of [3H]CL-LDL. For each
concentration, we determined the amount of LDL-
derived [3H]cholesterol that was transported to ACAT
and converted to [*H]cholesteryl oleate (36). In this ex-
periment, LDL receptor activity was equivalent in the
two cell lines. Figure 6A shows the cellular content of
[®H]cholesterol after 6 h in the indicated amount of
[®H]CL-LDL. However, the amount of LDL-C that was
transported to ACAT and re-esterified to cholesteryl ole-
ate in NRel4 cells was significantly reduced, at 63% of
control levels (Fig. 6 B).

NRel4 /DHAPAT

NRel4 /
vector
® NRel4

0 5 10 15 20 25
Time (Hr)

[8H]Cholesteryl Ester Formation
(% of Total Cellular [3H]Cholesterol)

Fig. 7. Basal esterification of plasma membrane cholesterol. Paren-
tal CHO cells (square), mutant NRel-4 (triangle), NRel-4 transfected
with control vector (circle), and NRel-4 transfected with pDHAPAT
(circle) were grown and labeled as described in Experimental Proce-
dures. Monolayers were incubated in H-5% LPDS containing
[3H]cholesterol for the indicated times. [*H]cholesterol and
[®*H]cholesteryl oleate were analyzed as described in Experimental
Procedures. [3H]cholesteryl oleate formation is expressed as a per-
centage of total cellular [*H]cholesterol. The data represent the
mean * SD of triplicate cultures.
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Fig. 8. Movement of newly-synthesized sterols to the plasma
membrane. Parental CHO (square) and NRel-4 (triangle) cells
were grown as described in Experimental Procedures. Sterol trans-
port to the plasma membrane was assessed using two methods.
Method 1: Monolayers were incubated in H-5% LPDS containing
2% cyclodextrin, and [®H]acetate was added at various times. The
medium (A) and total (B) content of [3H]sterols was determined as
described in Experimental Procedures. Method 2: Monolayers were
incubated in H-5%LPDS and [*H]acetate was added at various
times. At time of harvest, the amount of [*H]sterol synthesized (C)
and [*H]sterol accessible to cholesterol oxidase (D) was quanti-
fied as described in Experimental Procedures. Data represent the
mean * SD of triplicate cultures.

Plasma membrane to ER cholesterol transport

We evaluated basal cholesterol movement from the
plasma membrane to the ER by incubating the cells for
various times with [3H]cholesterol (22). As seen in Fig. 7,
CHO cells showed a time-dependent incorporation of
[3H]cholesterol into [3H]Cholesteryl ester, whereas NRel-4
cells esterified [¥*H]cholesterol at 33% of control. NRel-4
cells transfected with control DNA (NRel-4/vector) had
similar rates of esterification as NRel-4 cells, whereas NRel-4
cells transfected with pDHAPAT (NRel-4/DHAPAT) esteri-
fied [®*H]cholesterol at a rate similar to CHO cells. These

results indicate that NRel-4 cells are defective in move-
ment of plasma membrane cholesterol to the ER, and that
this defect is a result of the PlsEtn deficiency.

Movement of newly-synthesized cholesterol to the
plasma membrane

We evaluated the transport of newly-synthesized choles-
terol from the ER to the plasma membrane by pulse-label-
ing cells for various times in [®H]acetate. [*H]cholesterol
arrival in the plasma membrane was assessed using two ap-
proaches. First, we quantified the amount of [*H]choles-
terol capable of effluxing to cyclodextrins in the media
(Fig. 8A, B). Throughout the time course, CHO cells ef-
fluxed 37 * 5.6% of newly synthesized [*H]cholesterol,
whereas NRel4 cells effluxed 45 *= 6.5%. Second, we
quantified the amount of newly synthesized cholesterol
that is accessible to cholesterol oxidase (Fig. 8C, D). Using
this approach, 35 = 4.7% of newly synthesized [*H]cho-
lesterol was accessible to cholesterol oxidase in CHO cells,
and 38 * 3.1% in NRel-4 cells. Thus, both methods show
that NRel-4 cells synthesized and transported [*H]choles-
terol to the plasma membrane with normal kinetics.

Cellular cholesterol content

Our hypothesis is that the reduced LDL stimulation of
esterification is the result of a reduced capacity of NRel-4
cells to transport cholesterol to ACAT in the ER. If this is
correct, then the free cholesterol content of NRel-4 cells
should be normal, but the cholesteryl ester content
should be reduced. An alternative explanation is that
NRel-4 cells have a lower cholesterol content than normal
cells, and [*H]cholesterol fills the depleted plasma mem-
brane pool rather than moving to the ER. Thus, we have
measured by gas-liquid chromatography the cholesterol
and cholesteryl ester contents of CHO and NRel-4 cells
that were cultured in H-5% NCS or H-5% LPDS (Table 3).
CHO and NRel4 cells grown in H-5% LPDS had similar
cholesterol and cholesteryl ester contents. Growth in lipo-
protein-containing H-5% NCS caused an equivalent in-
crease in free cholesterol in both cell lines; however, there
was a significantly higher increase in cholesteryl ester con-
tent in CHO cells compared with NRel-4 cells. This result
is consistent with the LDL stimulation of cholesterol ester-

TABLE 3. Cellular levels of free and esterified cholesterol

Cholesterol
Cell line Medium Total Free Esterified
ug/mg protein
CHO NCS 377+ 3.6 29.2 £ 49 85 %15
NRel-4 NCS 29.5+5.3 26.3 = 4.6 3.2 £ 1.4
CHO LPDS 12.0 £ 1.6 11.7 £ 25 0.36 + 1.2
NRel-4 LPDS 95+ 1.3 98 £1.8 0

Cells were grown as described in Experimental Procedures. Monolayers were grown for 2 days in H-5% NCS or
H-5% LPDS. Cells were harvested and cholesterol was quantified as described in Experimental Procedures. Cholesterol
content is reported as pg cholesterol per mg protein. Data represent the mean * SD of three experiments.

“ Significant difference (P < .05) when compared with CHO cells.

188  Journal of Lipid Research Volume 44, 2003

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

4000 -

3000 -

(dpm/well)
3
8

1000 -

TCA-Precipitable [35S]Methionine 3>

B hr
MPG

180

116 — Band 1

84 —

58 —

49 —

Band 2
37—

27 —

Band 1
Band 2

Fig. 9. Secretion of newly-synthesized proteins to the medium.
Parental CHO (square) and NRel-4 (circle) cells were grown as de-
scribed in Experimental Procedures. Cells were cultured for 2 days
with and without 20 wuM 1-monopalmityl glyceryl ether (MPG),
then pulse-labeled with EasyTag Express %S (50 wCi/well). After
the indicated time interval, levels of [3**S-containing protein in the
media were quantified by TCA precipitation and liquid scintillation
counting (A) or SDS-PAGE and densitometry (B) as described in
Experimental Procedures. TCA-precipitable dpm/well represent
the mean of triplicate cultures. Relative levels of high and low mo-
lecular weight bands are given.

ification shown in Fig. 2 and provides evidence that the
lowered basal esterification is a result of a pathway defect
rather than a lack of cholesterol available to move along
that pathway.

Secretion of newly synthesized proteins to the medium

The cholesterol transport pathways that are affected by
the lack of plasmalogens are vesicular pathways, based on
the effects of pharmacological agents (37). Does the lack
of PIsEtn reduce the flow of cholesterol along those trans-
port pathways because they require efficient membrane
fission and fusion? If so, then other vesicular transport
pathways should be affected. Vesicular transport of pro-
teins was compared in CHO and NRel4 cells, and in
NRel-4 cells and NRel-4 cells cultured for 2 days with
l-monopalmityl glyceryl ether, which enters the PlsEtn
biosynthetic pathway downstream of the NRel-4 defect
and restores plasmalogen levels to normal (3). Cells were

Munn et al.

radiolabeled for various times with [3*S]methionine and
the arrival of newly synthesized and secreted proteins in
the medium was assessed either by TCA precipitation of
proteins followed by liquid scintillation counting, or by
gel electrophoresis and fluorography. The incorporation
of [%S]methionine into cellular proteins was equivalent
in CHO cells and NRel4 cells cultured with and without
l-monopalmityl glyceryl ether (data not shown). Further-
more, the secretion of newly synthesized proteins was
equivalent in CHO and NRel4 cells (Fig. 9A). Figure 9B
shows the comparison of proteins secreted from NRel-4
cells cultured with and without 1-monopalmityl glyceryl
ether. There is a discernable increase in the secretion of
newly synthesized proteins from NRel-4 cells supple-
mented with 1-monopalmityl glyceryl ether, as compared
with unsupplemented cells. Densitometric analysis of two
bands revealed a mean increase of 30%, indicating that
the vesicular protein secretion pathway is partially depen-
dent on PIsEtn.

Fluid-phase endocytosis and exocytosis

We used [14C]sucrose as a fluid-phase marker to test if
endocytosis is affected by the PIsEtn deficiency (Fig. 10A).
We found that levels of cell-associated [!*C]sucrose in-
creased linearly with time in both control and NRel-4
cells. The rate of [1*C]sucrose accumulation in NRel-4
cells was less that of control; however, this difference was
not corrected by restoration of PlsEtn levels. This indi-
cates that the variation in endocytosis is not due to altered
PIsEtn levels. Fluid-phase exocytosis was assessed by allow-
ing cells to internalize [*C]sucrose then quantifying its
retrograde transport from endocytic compartments to the
medium (38). Figure 10B shows that the clearance of
[*C]sucrose from control and NRel4 cells was equiva-
lent. This result indicates that exocytosis is also PlsEtn in-
dependent.
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Fig. 10. Fluid-phase endocytosis and exocytosis. Parental CHO
(square) and NRel-4 (circle) cells were grown as described in
Experimental Procedures. Where indicated, NRel-4 cells were cul-
tured for 2 days with 20 uM 1-monopalmityl glyceryl ether (MPG)
(triangle). A: Monolayers were incubated in H-5% newborn calf se-
rum (NCS) + ['*C]sucrose for the indicated amount of time, and
cell-associated [4C]sucrose was measured as described in Experiment
Procedures. B: Monolayers were incubated in H-5% NCS +
['“C]sucrose for 3 h, washed extensively, and then incubated in H-5%
NCS for the indicated amount of time. Cell-associated and medium
radioactivity was quantified as described in Experiment Procedures.
All data represent the mean of duplicate cultures.
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DISCUSSION

Our work on plasmalogen’s role in cholesterol trans-
port was prompted by two recent findings. First, Mandel
et al. (11) reported an effect of plasmalogens on HDL-
mediated cholesterol efflux. Normal and plasmalogen-
deficient murine macrophage-like RAW cells were labeled
with [®*H]cholesterol, and then [3H]cholesterol efflux to
HDL was measured. They found that HDL-mediated cho-
lesterol efflux was reduced in the plasmalogen-deficient
lines in comparison to the normal cell lines, which would
be consistent with a plasmalogen effect on the pool of cel-
lular cholesterol available for efflux to HDL. Specifically,
they observed that the maximal amount of cholesterol
transferred was altered, whereas the rate of cholesterol ef-
flux was unaffected by the lack of plasmalogens.

Second was a report that plasmalogen levels were reduced
in brain tissue from the NPC mouse model (12), which likely
results from the impaired peroxisomal function found in
NPC brain. The NPC1 gene defect results in reduced trans-
port of cholesterol, glycosphingolipids, and fluid phase con-
stituents out of lysosomes and late endosomes (38, 39). It is
not clear how an NPCI defect leads to loss of peroxisomal ac-
tivities, but the subsequent plasmalogen deficiency may fur-
ther impair cellular cholesterol movement and be a contrib-
uting factor in NPC disease progression.

In this study, we found that two independently isolated
CHO mutants bearing different lesions in the plasmalo-
gen biosynthetic pathway displayed a decreased ability to
transport LDL-derived or plasma membrane cholesterol
to ACAT in the ER. The phenotype of DHAPAT-defective
NRel4 cells could be completely reversed by recovery of
plasmalogen levels in these cells following transfection
with the DHAPAT gene. The phenotype is not due to a re-
quirement for PlsEtn in ACAT’s lipid milieu, since ACAT
was activated to normal levels by 25-hydroxycholesterol.
Oxysterols, such as 25-hydroxycholesterol, diffuse readily
throughout the cell and activate ACAT independently of
specific cholesterol transport mechanisms. Normal 25-
hydroxycholesterol stimulation of cholesterol esterifica-
tion indicated that ACAT was normal in the mutant cells
and that delivery of surrounding substrate is not an issue.
Furthermore, the lack of LDIL-stimulation of cholesterol
esterification was not the result of reduced LDL receptor
activity or lysosomal hydrolysis of LDL-cholesteryl ester, or
aberrant lysosomal storage of cholesterol. Instead, it is
likely due to reduced trafficking of cholesterol from lyso-
somes and plasma membrane to the ER (22, 37). Other
cholesterol transport steps were normal in PlsEtn-deficient
cells, as was protein secretion and fluid phase endocytosis
and exocytosis.

The PlsEtn-deficient phenotype closely resembled that
of CHO mutant 3-6, which was isolated in our hunt for
NPC-like mutant CHO cells (23). The 3-6 mutation also
causes defective mobilization of cholesterol from the
plasma membrane to the ER but does not affect other
cholesterol transport pathways. 25-Hydroxycholesterol
stimulation of ACAT was normal in mutant 3-6, as it was in
PlsEtn-deficient cells. However, our work also showed that
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the PIsEtn-deficient phenotype was clearly distinct from
the 3-6 phenotype. Mutant 3-6 cells have normal PlsEtn
levels (data not shown). They are resistant to amphoteri-
cin B when supplied with endogenously synthesized cho-
lesterol, LDL, or cholesterol sulfate (23), whereas the
PlsEtn-deficient cells were amphotericin B sensitive under
those conditions.

Our current results are not in agreement with Thai et al.
(40), who found impaired membrane traffic in plasmalogen-
deficient cells. They interpreted collagen accumulation in
DHAPAT-deficient cells as indicating impaired transit of pro-
teins through the trans Golgi network, whereas we found
normal secretion of nascent proteins. They also reported
cholesterol accumulation in late endosomal/lysosomal com-
partments of mutant cells, as measured by filipin fluores-
cence microscopy, whereas we found no discernable choles-
terol accumulation. They also found diminished transferrin
uptake and structurally altered caveolae and coated pits. We
have not measured transferrin uptake but did find normal
LDL internalization. Some of these differences may be due
to the different cell models examined, i.e., human fibroblasts
versus CHO cells. Other differences may not be related to
the plasmalogen deficiency. Thai et al. (40) do not report
the effect of restoration of plasmalogen levels on any of the
phenotypic changes.

Mandel et al. (11) found diminished cholesterol efflux
from plasmalogen-deficient murine RAW macrophages
and human skin fibroblasts to the extracellular acceptor
HDL, whereas we found no effect of plasmalogens on the
movement of newly synthesized [¥H]sterol to the plasma
membrane and efflux to cyclodextrin. The inconsistency
between our results and those of Mandel et al. (11) likely
arise from the different methods used to measure this
process. Cyclodextrins have been shown to have a much
higher efficiency in stimulating cholesterol efflux than
HDL (41), and the cyclodextrin-accessible pool of choles-
terol is likely to be different than the HDL accessible pool.

The question that we now face is what role does PlsEtn
play in cholesterol movement to ACAT? Studies of plas-
malogens in intact cells (10) and model systems (42) have
shown that they have a role in protecting cells from oxida-
tive damage. Plasmalogens are also thought to serve as
sources of lipid mediators, such as arachidonic acid, that
are involved in signal transduction (43). In addition,
when PIsEtn is hydrolyzed by the plasmalogen-selective
PLAy, the lysoplasmalogen generated from the reaction
can induce the synthesis of platelet-activating factor (44).
However, it is difficult to rationalize how these putative
functions would relate to cholesterol transport.

Another characteristic of PlsEtn is their ability to form
non-bilayer structures. Studies of model membrane systems
have shown that, like phosphatidylethanolamine, PIsEtn is a
nonbilayerforming phospholipid. However, the phase be-
havior of PIsEtn differs markedly from the related alkylacyl
and diacyl species, with a liquid crystalline to inverse hexago-
nal transition temperature for the three species at 30°C,
53°C, and 68°C, respectively (9). Therefore, PlsEtn is the
only one of these phospholipid species to form non-bilayer
structures at or below physiological temperatures. The vinyl
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ether bond causes PIsEtn to form a hexagonal array more
readily than phosphatidyl-ethanolamine and, thus, they are
hypothesized to play a role in membrane fission and fusion
events (9, 45). In support of this, Glaser and Gross (45)
showed that PlsEtn stimulated the kinetics of in vitro mem-
brane fusion 6fold when vesicles of physiologic phospho-
lipid composition were compared with those in which PIsEtn
was replaced with phosphatidylethanolamine. Does the
PIsEtn deficiency in NRel4 cells affect membrane fission or
fusion? Our data are not consistent with this hypothesis as
vesicle trafficking was normal by all criteria examined.

Future work must determine the precise role that plas-
malogens have in this specific cholesterol transport path-
way. We have not ruled out the idea that it is a product of
phospholipase Ay hydrolysis of PlsEtn rather than PlsEtn
itself that is needed for cholesterol transport. The avail-
ability of the plasmalogen-deficient cell lines and our abil-
ity to modulate plasmalogen levels in those cells will allow
us to examine and answer plasmalogen’s role in choles-
terol transport.il§
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